One impediment for a wider application of islet transplantation is the limited number of donor pancreata for islet isolation. A more efficient utilization of available organs could in part alleviate this problem. Perfluorocarbons (PFCs) have a high oxygen solubility coefficient and maintain high oxygen partial pressures for extended time. They serve also as oxygen "reservoirs" for harvested organs in pancreas organ transplantation. The aim of this study was to test whether the use of PFCs could also be beneficial for the secretory activity and overall viability of cultured purified islets before transplantation. Purified rat islets were cultured in static conditions with or without oxygen-saturated PFCs for 1 or 7 days. Cell death and apoptosis were assessed by trypan blue staining, DNA strand breaks, and caspase 3/7 activity. mRNA levels of insulin and ICA512/IA-2, a membrane marker of secretory granules (SGs), were quantitated by real-time PCR, whereas insulin content and secretion were measured by RIA. Polypyrimidine tract binding protein (PTB), which promotes SG biogenesis, was assessed by Western blotting. The number of SGs and the ultrastructural appearance of β-cells were analyzed by cryoimmunoelectronmicroscopy for insulin. Various parameters, including caspase activity, insulin and ICA512/IA-2 mRNA levels, PTB expression, number of secretory granules, and ultrastructural appearance did not significantly differ between control and PFC-cultured islets. On the other hand, PFC culture islets showed significantly increased DNA fragmentation and a reduced insulin stimulation index at both time points compared to control islets. While advantageous for the transport of human harvested organs, the use of PFH in the culture may be comparable to and/or not provide advantage over conventional protocols for culture of islets for transplantation.
INTRODUCTION
donors has allowed an extension of the cold ischemia time without apparent disadvantageous side effects on islet function after transplantation (6, 23) . PFCs are hy-Transplantation of human pancreatic islets for the therapy of type 1 diabetes has become more successful drocarbons with a very high capacity for dissolving oxygen (O 2 ) and a negligible oxygen-binding constant. These since the recent introduction of the Edmonton protocol with steroid-free immunosuppressant (27, 28) . Despite properties allow PFCs to release oxygen into the surrounding tissue more effectively than hemoglobin (16). these improvements there are persistent impediments that prevent the application of islet transplantation for Specifically, pancreata kept in two-layer culture (TLC) with PFC-based solutions can generate adenosine tri-the wide treatment of diabetic patients, the major obstacle being the very limited number of donor pancreata phosphate, thereby favoring their recovery from ischemia during the storage period (13) . TLC with PFCs has for islet purification. This problem could be alleviated, at least in part, by a more efficient utilization of avail-also been shown to improve pancreas graft survival after transplantation and to increase the yields of purified is-able organs. Numerous pancreata, for instance, cannot be used because of the prolonged ischemia postprocure-lets (9,10, 14, 15, 23, 30) . In addition to pancreas, PFCs were shown to be beneficial for preserving other organs, ment. Recently the use of oxygenated perfluorochemicals (PFCs) during the transport of organs from marginal such as small bowel (26) .
With these encouraging results on organ storage as a culture plates, as determined by visual assessment of the PFC level at different time points. As PFC agents we background, the aim of our study was to test whether the usage of oxygenated PFCs in TLC could also be used perfluorohexane (PFH) in a purity of 95% (ABCR Inc., Karlsruhe, Germany) as well as perfluorooctane beneficial for the secretory activity and overall viability of cultured purified islets before transplantation, as oxy-(PFO) (98% medical quality, ABCR Inc., Karlsruhe, Germany and F2 Chemicals Ltd, Lancashire, UK). Dur-genation of the cells in the inner islet mass is also limited in the absence of blood perfusion.
ing cultivation PFH or PFO oxygen saturation as well as medium change were performed every second day for MATERIALS AND METHODS both islet groups. Because of the large variability in islet quality between different isolations all four experimental Islet Isolation and Culture conditions were evaluated in parallel in each experi-Female Wistar rats weighing 220-250 g were used ment. Each experiment was independently repeated at as donors for islet isolation (Charles River, Sulzfeld, least four times. Germany). Rats were maintained on a 12-h light-dark cycle and kept on zero diet 12 h before islet isolation.
Insulin RIA All animal experiments were conducted according to the One hundred size-matched handpicked islets treated local ethic committee of the University and the Governeither with PFH or PFO were placed into wells containment of Saxony. The islets were isolated by collagenase ing 6 ml resting (0 mM glucose) medium. After 1 h in digestion as previously described (7, 8) . In brief, the panresting medium islets were brought into the stimulation creata were distended with 6.5 ml RPMI solution con-(25 mM glucose) medium for 2 h in static incubation taining Liberase RI (Roche, Indianapolis, IN), excised, conditions. Control islets were kept in resting medium and incubated in a water bath at 37°C. The islets were for the same time. After the incubation, insulin levels in separated by density gradient centrifugation (Histothe medium and in the cells were measured by radioimpaque-1077, Sigma, Deisenhofen, Germany) and handmunoassay (Sensitive Rat Insulin RIA Kit, Linco Repicked under a stereomicroscope. After pooling, they search, St. Charles, MI). The fraction of total insulin were divided in aliquots of ϳ400 islets in a 60-mm petri released by each islet group in resting or stimulating dish and cultured in standard medium (RPMI-1640 conconditions was calculated as follows: insulin in the metaining 300 mg/L L-glutamine, 10% fetal calf serum, dium/total insulin (insulin content + insulin in the me-100 µg/ml streptomycin, and 100 IU/ml penicillin) or in dium). Next, the insulin stimulation index was calcua modified two-layer PFC/RPMI-1640 medium at 37°C lated as the quotient of the fraction of total insulin with 5% CO 2 (Fig. 1 ). PFCs are highly volatile. To avoid released in stimulating conditions versus the fraction of their rapid diffusion in the atmosphere through the dish, total insulin released in resting conditions. The insulin culture plates containing PFCs were placed in a water stimulation index in control cells after 1 day in culture bath, with the water level reaching the same level of the was equal to 100%. PFCs (Fig. 1 ). In our experience this protocol is very effective in reducing the rapid loss of PFCs from the Immunoelectronmicroscopy Control and PFH-treated islets after 7 days in culture were fixed with 2% paraformaldehyde and 0.2% glutaraldehyde in 120 mM phosphate buffer for 1 h at room temperature. Next, islets were pelleted at low speed (1000 rpm), washed with PBS, resuspended in 10% gelatin in PBS (37°C), and pelleted again. The excess of gelatin was removed, and the remaining gelatin containing the infiltrated islets was solidified at 4°C, then fixed and stored in PBS with 1% paraformaldehyde at 4°C. Next, the gelatin pellets were cut in cubes, infiltrated with 2.4 M sucrose for 3 h, and rapidly frozen on STUPS in liquid N 2 . Islet cryosections of 75 nm were prepared and picked with a solution of 1.2 M sucrose Calculations were performed by SAS statistical software version 6.12 (SAS Institute, Cary, NC). and distilled water, grids were contrasted with 0.3% uranyl acetate and 1.8% methylcellulose. Sections were ob-RESULTS AND DISCUSSION served on a Zeiss EM906.
DNA Content After Different Culture Conditions Nucleic Acid and Protein Expression
To begin assessing the impact of PFH on cultured The DNA content of all islets present in the dishes islets, we measured the recovery of total DNA from 400 after 1 day and 7 days in culture with or without PFH was handpicked islets that were incubated in standard static measured at 260/280 nm after digestion with RNAse A (control islets) or PFH two-layer (PFH islets) culture and phenol/chloroform extraction. Alternatively, total conditions for either 24 h or 7 days. Following 7 days RNA from 100 islets was isolated with RNeasy TM kit in culture, the DNA content recovered from control and according to the manufacturer's protocol (QIAGEN Inc., PFH islets dropped to 15.4% and 13.5%, respectively, Valencia, CA). Total RNA (1 µg) was then used for the compared to that recovered from islets after only 24 h reverse transcriptase reaction with 1 µM specific antiin culture ( Table 1) . The difference in the loss of DNA sense primers for rat β-actin as a housekeeping gene, recovery between the two islet groups was not statistiand for rat ICA512 and insulin (11) as secretory granule cally significant. The loss of cell mass was confirmed (SG) genes. The expression of mRNA was analyzed by by manual counting of the islets. Specifically, after 7 quantitative real-time PCR using the MX 4000 system days in culture there were only 120-165 islets/dish, cor-(Stratagene, La Jolla, CA) as described (29) . For detecresponding to a loss of more than 2/3 of the original tion of polypyrimidine tract binding (PTB) protein 400 number of aliquoted islets/dish. While the reasons for islets were extracted in lysis buffer [20 mM TRIS/HCl, this dramatic loss are unclear, our analysis should not pH 8.0, 140 mM NaCl, 1 mM EDTA, 1% Triton X-100, have been affected by it, as its magnitude was comparaand 1% protease inhibitor cocktail (Sigma)]. Protein ble in the two islet groups. concentration in the detergent-soluble material was measured using the BCA assay (Pierce, Rockford, IL). Cell
Effect of PFH on Islet Viability extracts were separated by SDS-PAGE and immunoblot-Next, the effect of PFH on the viability of cultured ted as previously described (20) using the mouse monoislets was assessed using three different approaches. The clonal anti-PTB antibody (Zymed Lab, San Francisco, first approach consisted in the visual detection of cell CA). Chemilluminescence was performed using the Sudeath using the trypan blue staining method, as this dye persignal West Pico Substrate (Pierce, Rockford, IL) as is excluded from viable cells. After 10-min incubation a substrate and detected with a LAS 3000 Bioimaging with trypan blue, islets were observed under a micro-System (Fuji Inc., Tokyo, Japan). Quantitation of the scope and counted as stained and nonstained cells sepaprotein signal was performed with the ImageGuage rately, calculating the viable cell ratio. Based on this v3.45 software (Fuji Inc.).
visual inspection there was no appreciable difference in the number of stained and nonstained cells between con-Cell Death trol and PFH islets after 24 h in culture. Likewise, the Cell death within 100 size-matched islets from each morphological appearance of these two islet groups was treatment group was detected by histone-associated similar. After 7 days of culture, however, trypan-posi-DNA fragments with the Cell Death Detection ELISA tive cells appeared more frequent among PFH islets, Plus according to the manufacturer's protocol (Roche, which morphologically were also less smooth and ho-Indianapolis, IN). Caspase 3/7 activity in 20 matched mogeneously organized than control islets ( Fig. 2A) . islets was measured by adding of equal amounts of caspase-Glo 3/7 substrate (Promega, Madison, WI). After trypan blue staining (Sigma), necrotic cells in islets were 
Statistic Analyses
PFH two-layer (7 days) 107.5 ± 10 Control islets (7 days) 153.6 ± 32
Results were expressed as mean values ± SE. Statistic values were calculated using the t-test (in case of DNA content after 1 day ( p = 0.089) and 7 days ( p = 0.333) in differ-Gaussian distribution) or the Mann-Whitney Rank Sum ent culture conditions (starting point with 400 handpicked islets after isolation per dish). test. Statistical significance was defined as p < 0.05. 
Major limitations of the trypan blue staining of whole
we investigated the impact of this treatment on the expression of genes implicated in the secretory machinery islets are the inability to visualize cells within the inner islet mass and its rather qualitative nature. Therefore, of β-cells. Analyses by real-time PCR revealed that in PFH islets the levels of mRNAs for the SG markers in-two additional approaches were used to quantitatively assess the rate of cell death due to apoptosis. One ap-sulin and ICA512/IA-2, as normalized by mRNA for the housekeeping gene β-actin, had the tendency of being proach consisted in measuring the activity of caspases 3 and 7, whose early activation is part of the apoptotic reduced in comparison to control islets. Such differences, however, did not reach statistical significance. As program in cells, including β-cells (1,5,21). Histoneassociated DNA fragments, on the other hand, were an additional indicator of islet function we measured the expression of PTB protein by Western blotting. PTB measured as late markers of apoptosis. After 1 day in culture caspase activity and DNA fragmentation did not protein is an mRNA binding protein that plays a key role in the biogenesis of SGs by promoting the stability significantly differ between control and PFH islets (Fig.  2B, C ). After 7 days in culture, however, we observed a and translation of mRNAs for SG proteins following glucose stimulation (11) . Interestingly, PTB protein is significant increase of DNA strand breaks in the PFH islet group ( p = 0.008) (Fig. 2C) , while there was no also a target of caspase 3-mediated cleavage during apoptosis (1). Consistent with previous results (12), PTB difference in caspase activity (Fig. 2B) . These results may be explained by considering that caspases are acti-protein levels were reduced in islets after 7 days in culture, with or without PFH (Fig. 3C ). vated only transiently, whereas DNA fragments may accumulate over time. Similar observations were made Effect of PFH on Insulin Secretion when comparing control and PFH-treated islets for casand β-Cell Ultrastructure pase activity (Fig. 2B ).
Next, we established whether islets cultured with the
Effect of PFH on Gene Expression
PFH two-layer protocol differ from control islets in terms of insulin secretion. Figure 4 shows that the insu-With apoptosis having the tendency of being more common among islets cultured with oxygenated PFH, lin stimulation index (relation between the fraction of total insulin secreted after stimulation vs. the fraction Finally, analysis by immunoelectronmicroscopy ( Fig.  5 ) revealed that the number of insulin SGs/section did of total insulin secreted in resting conditions) following incubation with 25 mM glucose for 2 h was impaired in not significantly differ between control and PFH-treated islets ( p = 0.17), although there was tendency toward PFH islets compared to control islets both after 1 day in culture and even more after 7 days in culture, whereas fewer SGs in PFH islets (2.19 SGs/µm 2 cell/section) compared to control islets (2.53 SGs/µm 2 cell/section). there was no statistically significant difference in the insulin stimulation index between control islets in culture SUMMARY AND CONCLUSIONS for 1 or 7 days. Notably, the absolute insulin content did not significantly change between control and PFH islets
In recent years many studies have been performed aimed at the identification of conditions that increase the in culture for 1 or 7 days (Fig. 4B) , although it was dramatically reduced in both islet groups after 7 days in viability of cultured islets by reducing oxidative stress, apoptosis, and cell death in general. Several conditions culture compared to 1 day in culture. The reliability of the variations in the insulin stimulation index was as-have been found that meet these criteria, including the addition to the culture medium of antioxidants like nico-sessed by measuring total protein content, which instead was not significantly different among the various islet tinamide (3,17,22,24) and β-mercaptoethanol (18), caspase inhibitors (2,24), or the exposure to extracellular samples (Fig. 4C ). ing islets with PFCs, which are known oxygen carriers.
